We studied calcium responsiveness of skinned muscle preparations from the right and left ventricles of rats with cardiac hypertrophy and cardiac hypertrophy plus failure. To test the hypothesis that differences in contractile function are due to changes in myofilament calcium responsiveness, we compared preparations from spontaneously hypertensive rats with cardiac failure, spontaneously hypertensive rats without cardiac failure, and age-matched normotensive Wistar-Kyoto control rats 18-24 months of age. Rats with failure had pleural/pericardial effusions, left atrial thrombi, and right and left ventricular hypertrophy. Muscles were skinned by saponin (250 jagfml) and activated with a series of calcium buffers. Data were plotted as pCa (-log[Ca211) versus isometric force and then fit to a modified Hill equation. Values for 50% maximal activation (calcium sensitivity), maximal calcium-activated force, and the slope of the calcium-force relation were compared. Our data indicate that with the development of hypertrophy, calcium sensitivity of left ventricular muscles remains unaffected, but maximal calcium-activated force is increased. In contrast, maximal calcium-activated force declines toward control levels with the development of left ventricular failure, despite the continued presence of significant hypertrophy. In the normotensive rats, the left ventricle is more sensitive to calcium than the right ventricle (pCao0=6.0+0.05 versus 5.7±0.09; p<0.05); however, both the calcium sensitivity and maximal calcium-activated force of the right ventricle increase with the development of compensatory hypertrophy secondary to left ventricular failure. These changes that occur in rats with cardiac hypertrophy and failure may represent important physiological adaptive mechanisms. (Circulation Research 1990;67:707-712) T he spontaneously hypertensive rat (SHR) has been extensively studied as a model of essential hypertension. In a manner analogous to that seen in humans, a prolonged period of hypertension produces changes in the rat's cardiovascular system that are associated with abnormal myocardial performance.1"2 We have recently reported that intrinsic muscle function is progressively impaired as the SHR develops signs of heart failure.3 Left ventricular (LV) failure in the SHR appears sporadically between the ages of 18-24 months and is manifest From the Charles A. Dana Research Institute and the Harvard-
We studied calcium responsiveness of skinned muscle preparations from the right and left ventricles of rats with cardiac hypertrophy and cardiac hypertrophy plus failure. To test the hypothesis that differences in contractile function are due to changes in myofilament calcium responsiveness, we compared preparations from spontaneously hypertensive rats with cardiac failure, spontaneously hypertensive rats without cardiac failure, and age-matched normotensive Wistar-Kyoto control rats 18-24 months of age. Rats with failure had pleural/pericardial effusions, left atrial thrombi, and right and left ventricular hypertrophy. Muscles were skinned by saponin (250 jagfml) and activated with a series of calcium buffers. Data were plotted as pCa (-log[Ca211) versus isometric force and then fit to a modified Hill equation. Values for 50% maximal activation (calcium sensitivity), maximal calcium-activated force, and the slope of the calcium-force relation were compared. Our data indicate that with the development of hypertrophy, calcium sensitivity of left ventricular muscles remains unaffected, but maximal calcium-activated force is increased. In contrast, maximal calcium-activated force declines toward control levels with the development of left ventricular failure, despite the continued presence of significant hypertrophy. In the normotensive rats, the left ventricle is more sensitive to calcium than the right ventricle (pCao0=6.0+0.05 versus 5.7±0.09; p<0.05); however, both the calcium sensitivity and maximal calcium-activated force of the right ventricle increase with the development of compensatory hypertrophy secondary to left ventricular failure. These changes that occur in rats with cardiac hypertrophy and failure may represent important physiological adaptive mechanisms. (Circulation Research 1990;67:707-712)
T he spontaneously hypertensive rat (SHR) has been extensively studied as a model of essential hypertension. In a manner analogous to that seen in humans, a prolonged period of hypertension produces changes in the rat's cardiovascular system that are associated with abnormal myocardial performance.1"2 We have recently reported that intrinsic muscle function is progressively impaired as the SHR develops signs of heart failure.3 Left ventricular (LV) failure in the SHR appears sporadically between the ages of 18-24 months and is manifest clinically by tachypnea and labored respirations. On pathological examination, these rats are found to have pleural/pericardial effusions, left atrial thrombi, and right ventricular (RV) hypertrophy. RV hypertrophy is presumably due to pulmonary hypertension that is secondary to increased left-sided filling pressures.
Disturbances in calcium handling have been described in several models of cardiac hypertrophy and failure.4'5 A change in myocardial contractility may occur as a result of one of the following mechanisms: 1) alteration in intracellular Ca2' availability, 2) alterations of myofilament Ca2' responsiveness, or
3) a combination of mechanisms 1 and 2.6 Skinned fibers are excellent models for examining calcium responsiveness of the myofilaments (mechanism 2, above) since barriers to intracellular diffusion of Ca21 are removed and (with additional detergent treatment) calcium storage and release sites are eliminated. In these preparations, myofilament calcium responsiveness may be characterized by three terms in the Hill equation, which include the calcium concentration necessary for half-maximal activation (pCa50), maximal calcium-activated force (Fmax), and the slope of the calcium-force relation (n).
The purpose of this study was to test the hypothesis that variations in contractile function among these groups are due to changes in myofilament Ca2' responsiveness. Experiments were conducted in skinned muscle preparations from SHR with cardiac failure (SHR-F), SHR without cardiac failure (SHR-NF), and age-matched nonhypertensive Wistar-Kyoto (WKY) rats. The results of our study indicate that the response of the rat heart to chronic hypertension involves major changes in myofilament calcium responsiveness.
Materials and Methods SHR and nonhypertensive WKY rats were purchased from Taconic Farms, Germantown, N.Y., as retired breeders at the age of 6-9 months and were boarded at the animal facilities of the Boston Veterans Administration Hospital until the time of study. All rats were 18-24 months old at the time of the study. Systolic arterial pressure was measured by the tail-cuff method on the day before the study.7 After 18 months, the rats were observed daily and studied if tachypnea and labored respirations were observed. The presence of heart failure in these rats was confirmed by pathological findings of left atrial thrombi, pleural/pericardial effusions, and RV hypertrophy. Age-matched WKY rats and SHR-NF were compared with SHR-F. LV and RV weights, normalized by long bone (tibial) length, were used as indexes of ventricular hypertrophy to avoid errors due to differences in body weight between strains. 8 Rats were killed by decapitation, and hearts were quickly removed and placed in an oxygenated physiological salt solution of the following composition (mM): NaCl 120, KCI 5.9, NaHCO3 25, NaH2PO4 1.2, MgCl2 1.2, CaCl2 1.0, and dextrose 11.5; the solution was bubbled with 95% 02-5% CO2 to a pH of 7.4 at 30°C. LV and RV muscles were excised. Muscle preparations were transferred to muscle baths containing the same salt solution, attached to a force transducer, and stretched to the length at which maximal isometric force develops (Lmax). At Lr muscles were skinned by a 30-minute exposure to a solution containing 250 ,ug/ml saponin, 5 mM K2ATP, 7 mM MgC12, 5 mM EGTA, 60 mM KCI, and 60 mM imidazole, pH 7.1 at 210 C. Saponin in this concentration has been shown to functionally remove both the sarcolemma and sarcoplasmic reticulum.9 It has recently come to our attention that the use of imidazole should be replaced by N-tris [hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES) or, preferably, N,N-bisf2-hydroxymethyl]-2aminoethanesulfonic acid (BES).10 However, it should be noted that imidazole was only present in the skinning solution and not in any of the relaxing and activation solutions. The relaxing and activating solutions had a pMg of 2.5, a pMgATP of 2.5, 10 mM EGTA, and a pH adjusted to 7.10 in the presence of 30 mM TES with KOH. The skinning, relaxing, and activating solutions all contained 12 mM creatine phosphate and 15 units/ml creatine phosphokinase as an ATP regenerating system. The total salt concentrations necessary for obtaining the desired pCa, pMg, pMgATP, and constant ionic strength of 0.16 M were calculated according to a program developed by Fabiato and Fabiato.11 The absolute stability constants used were as reported by Fabiato.12 Relaxation-activation cycles were performed by increasing the calcium in a stepwise fashion until Fm,, was obtained. The number of muscles studied per group was between 11 and 15 and is shown in Table 2 .
The force versus free calcium data were fit to a modified Hill equation13:
where F is developed force (i.e., isometric force) and Q is the affinity constant. The calcium concentration required for 50% maximal force development (pCa50) can then be derived: pCa50= -(log 0Q)/n. To calculate cross-sectional area, muscle lengths were measured at Lm,, Muscles were then removed from the baths, lightly blotted dry, and weighed. By assuming a specific gravity of 1.05 and cylindrical uniformity, we calculated cross-sectional area (in square millimeters) by dividing muscle weight (in milligrams) by length (in millimeters). Values of pCa50 and n were compared by analysis of variance and multiplesample comparison tests. Values of Fmax were compared by using Student's t test. Statistical significance was set atp<0.05.
Data analysis was performed on the PROPHET system, a computer resource sponsored by the Division of Research Resources, National Institutes of Health, Bethesda, Md.
Results

Indeuces of Hypertrophy
As shown in Table 1 , systolic blood pressure was significantly elevated in both SHR-NF (214±9 mm Hg) and SHR-F (192±7 mm Hg) when compared with WKY rats (114±9 mm Hg).
As indexes of hypertrophy, LV/tibial length (TL), RV/TL, LV/body weight (BW), and RV/BW ratios were calculated (Table 1) . LV/TL and LV/BW ratios were greater in SHR-F and SHR-NF than in WKY rats (p<0.05), indicating the presence of LV hypertrophy in both groups. RV/TL and RV/BW ratios were increased in SHR-F, but not SHR-NF, compared with WKY rats. These data indicate RV hypertrophy is only seen in SHR-F in contrast to LV hypertrophy, which is present in both the SHR-NF and SHR-F.
Skinned Muscle Data
The skinned muscles were activated by calcium buffers containing 10-7_10-4 M free calcium. An example of an actual experimental record is shown in Figure 1 . Fm., pCa50, and n were compared between Figure 2 ).
Within the RV, there was no change in Fmax in SHR-NF and WKY rats. However, we observed an increase in Fmax in SHR-F (1.7±0.35 mN/mm2) compared with WKY (0.85 ±0.15 mN/mm2) rats (Table 2, Figure 3 ).
The Hill coefficient (n) was not altered in SHR-NF or SHR-F compared with WKY rats in either LV or RV preparations ( Table 2) .
LV pCa50 values from SHR-NF, SHR-F, and WKY rats were not different (Table 2, Figure 4 ). The pCa50 of the RV preparations from the SHR-F was increased (6.0±0.09) compared with control WKY rats (5.7±0.09; p<0.05); values from SHR-NF were not different from the controls (Table 2, Figure 5 ). We found a decreased calcium sensitivity in the RV compared with the LV in the control WKY group (p<0.05) ( Table 2 ). In the SHR-NF and SHR-F there was no difference in the pCa50 values between the LV and RV.
Discussion
This study presents three important sets of findings that warrant additional discussion; these findings are summarized in Table 3 . First, our results in skinned LV fibers provide direct evidence that neither myocardial hypertrophy alone nor hypertrophy plus failure in skinned LV muscles from rats is associated with a change in myofilament calcium sensitivity or the slope of the calcium-force relation (Table 2, Figure 4 ). However, Fmax in the LV muscles from the hypertrophied SHR-NF was increased ( Table 2 , Figure 2) . By way of contrast, this increase was no longer present in the LV fibers from SHR-F; in this group, Fmax returned toward control levels. The maximal increase in force generation in the hypertrophied LV muscles that we observed is consistent with the results of a skinned muscle study by Maughan, 14 who reported an increase in Fmax in rabbit hearts with pressure-overload hypertrophy. With regard to calcium sensitivity and the slope of the calcium-force relation, several investigators14,15 have previously reported that no changes occur with the development of hypertrophy or failure. We13 have previously reported results from skinned fiber studies of myo- cardium from patients with end-stage heart failure undergoing cardiac transplantation. All of the recipients' hearts showed significant degrees of myocardial hypertrophy; however, the force-calcium relations of the myopathic hearts were not different from those of the controls, indicating that no change had occurred in myofilament calcium sensitivity. Second, our study demonstrates different calcium sensitivities of LV versus RV muscles of WKY control rats ( Table 2) . Previous work has documented important differences between the LV and RV of mammalian hearts. [16] [17] [18] Of particular relevance to the present study is a report by Brooks et al,18 which showed a larger proportion of the V, isozyme of myosin in the RVs versus the LVs of rats. The higher content of the V1 isozyme, which can hydrolyze ATP at a higher rate and thereby support a faster rate of cross-bridge cycling than the V2 or V3 isozymes, appears to correlate with the more rapid velocity of 4.0 IF E E W a: GC ,, LEFT VENTRICLE FIGURE 2. Bar graph showing maximal calcium-activated force of left ventrcular muscles from Wistar-Kyoto rats (control), spontaneously hypertensive rats with cardiac hypertrophy (hypertrophy), and spontaneously hypertensive rats with cardiac hypertrophy and failure (failure). Force is normalized for differences in cross-sectional area and is expressed as millinewtons per square millimeter. * p<0. 05 vs. the control group and the failure group. shortening of RV versus LV muscles in this species. Our cardiac data are in agreement with skeletal muscle findings in the rat, which indicate that slow twitch fibers are more sensitive to calcium than fast twitch fibers. 19 Although the RVs of larger mammals do not appear to have the high V1 content that is characteristic of rodents, similar physiological mechanisms controlling calcium responsiveness may modulate atrioventricular interactions in many mammalian species, including humans. For example, Morano et al20, 21 and Yasaki et a122 have recently reported that the more rapid rate of atrial versus ventricular contraction in the human heart correlates with a decreased calcium sensitivity that in turn may be related to the higher V, content of atrial versus ventricular muscle. In addition, when atrial tissue hypertrophies, calcium sensitivity has been shown to increase. 23 Third, our results demonstrate that an increase in calcium sensitivity and Fmax occurs in RV muscles from SHR-F (Figures 3 and 5 ). By way of contrast, increases in myofilament calcium responsiveness are not seen in the RV of SHR-NF or WKY rats. It is important to remember that hypertrophy was present in the RVs of the rats with LV failure, but not in the RVs of control or hypertrophied rats without LV failure (Tables 1 and 3 ). As discussed above, previous work2425 has indicated that changes in myofilament calcium responsiveness may be related to changes in myosin isoenzyme composition. Shifts have been (hypertrophy), and spontaneously hypertensive rats with cardiac hypertrophy and failure (failure). Force is plotted as a percentage of maximal response to calcium. Data were fit to a modified Hill equation. *p<0.Q5 vs. the control group. described in myosin isoenzyme composition that correlate with the development of hypertrophy.21t26 The development of failure induces RV hypertrophy that may slow fiber shortening and alter calcium responsiveness so that RV properties become similar to those of LV myocardium. From the teleological viewpoint, these results appear to make sense. In vivo, the RV functions as a low pressure pump that can move large volumes of blood at a rapid rate. The normal physiological role of the RV is facilitated by the rapid rate of cross-bridge cycling and the high velocity of shortening that are characteristic of RV muscle. These characteristics contrast with those of the LV, which is under constant high pressure and is specifically designed to generate high levels of force. In this context, the increased RV calcium responsiveness that occurs with failure may be interpreted as an adaptive response of the RV muscle to an increased pressure load, which is required to augment the function in order to overcome the effects of decreasing LV contractility. Such a change would not be expected to occur with LV hypertrophy and preserved ventricular function where diastolic filling pressures remain in the normal range.
We have included our Hill coefficients in Table 2 , but since there are so many steps between calcium binding and force development in skinned fibers, we realize their quantitative meaning is questionable; therefore, these values are only used as an additional qualitative description of the force-calcium relation.
If we assume that maximally effective concentrations of calcium lead to full activation of cross bridges, then the increases we have found in F.. could be caused by a change in cross-bridge kinetics or by an increase in the relative force generation per attached cross bridge. In both LV and RV muscles, the increase in F,,,,, correlates with the presence of hypertrophy in the respective ventricle. The one exception to this statement is provided by the LV muscles from SHR-F, in which Fmn returns to control levels even though the LV shows a substantial degree of hypertrophy (Table 1, Figure 2 ). The mechanism underlying this apparent decrease is not clear but may be related to Hypertrophy, increase in the ratio of right or left ventricular weight to tibial length; Finax, maximal calcium-activated force;
pCa50, concentration of calcium necessary for half-maximal activation; n, slope of the calcium-force relation; SHR-NF, spontaneously hypertensive rats without cardiac failure; SHR-F, spontaneously hypertensive rats with cardiac failure; I, increase when compared with control Wistar-Kyoto rats in the respective ventricle; <-*, no change. The possible mechanisms responsible for the increased calcium sensitivity in the RV muscles from SHR-F include shifts in the myosin isoenzyme composition, changes in phosphorylation or the isoforms of the regulatory subunit of the troponin complex, changes in the geometry of the myofilaments, and alterations in the actomyosin complex. Each of these mechanisms may affect crossbridge cycling in a manner that could alter the force-calcium relation. In summary, in the LV muscles from the hypertrophied rats, Fm, is increased, but calcium sensitivity remains unaffected, in the presence of both hypertrophy and failure. In contrast, in RV muscles, calcium sensitivity and Fm,, are increased in SHR-F.
A similar increase in myofilament calcium responsiveness has been described in human atria with the development of hypertrophy. 23 Although the molecular mechanisms currently remain undefined, the RV appears to be able to adapt to the increasing physiological stresses of failure by increasing both Fm. and myofilament calcium sensitivity. We propose that this rat model of cardiac failure may be a reasonable one in which to further study the molecular mechanisms responsible for these changes.
